The runoff of Iceland has been evaluated for the period , and changes in runoff from then to the period 2071-2100 predicted according to a future projection of climate change. The hydrological model WASIM-ETH was used, with meteorological data from the PSU/NCAR MM5 numerical weather model. The evaluation of the effects of climate change on water resources was based on a future climate simulation from the HIRHAM regional climate model with boundary conditions from the HadAM3H global climate model using A2 and B2 emissions scenarios. Future runoff was shown to become much higher in 2071-2100 compared to , predominantly due to increased glacial melt caused by increased temperature. Furthermore, changes in runoff seasonality would be substantial. Thus, according to this projection there could be great changes in hydropower production potential associated with climate change in Iceland.
INTRODUCTION
Large-scale mapping, utilization and management of water resources require measurements and evaluation of runoff in space and time. Since a discharge gauge can only supply information on runoff for its complete watershed and only for the time period for which the gauge is operated, watershed models are often used to fill in gaps in knowledge of past discharge and to evaluate discharge for ungauged watersheds. This paper describes both the preparation of a runoff map of Iceland for present climate conditions and the evaluation of the effects of a future climate change on water resources and hydropower potential. This study shows only one projection of how runoff and hydropower potential may change, but the calibration of a watershed model for all of Iceland gives the basis for evaluating additional projections and eventually an analysis of probabilities and risks associated with climate change.
Seasonal snow cover, glaciers and groundwater play a large role in the hydrology of Iceland. The temperature at high altitude in Iceland remains below zero for some months during the winter. Hence, some of the autumn and winter precipitation gets stored until springtime and glaciers store precipitation from one season, year or decade to the next. Large areas of Iceland are covered with postglacial lava formations. In those areas, precipitation infiltrates through the porous surface, to the groundwater aquifers and in some cases through the groundwater aquifers directly to the ocean. The complexity of the hydrological cycle, therefore, varies from one area to another. Rivers in Iceland are frequently divided into three categories by their origin: groundwater fed rivers, direct runoff rivers, and glacial rivers (Kjartansson, 1945) . The largest contribution to Icelandic runoff comes from rivers fed directly by rain and snowmelt, but glacial and groundwater contributions are substantial. Figure 1 is a topographic map of Iceland and shows the main river systems and glaciated areas.
Recent work by Halldórsdóttir et al. (2006) was aimed at classifying the country on a catchment scale based on how areas respond to precipitation. The analysis was based on available geographical information: maps of geology and vegetation, an air temperature distribution model, topographic contour lines and data on runoff characteristics. Catchments were divided into three groups: non-glacier catchment areas with high or low hydrological permeability and sub-glacial catchment areas, corresponding to the three river types, groundwater fed rivers, direct runoff rivers, and glacial rivers. Sub-glacial catchment areas were further divided into those with high and low hydrological permeability. The classification of non-glacial catchment areas was more complex, reflecting the geographical variability within the country with regard to groundwater and snow storage reservoirs, wetland distribution and vegetative patterns.
Glaciers in Iceland cover almost 11% of the country. They are vulnerable to climate variability and change and several studies have dealt with the question of their response to climate change, as reviewed by Jóhannesson et al. (2004) . During the years 1930-1970 most glaciers in Iceland retreated in response to the warm period . During the following decades glaciers started to advance again, due to cooling temperatures; however, after about 1995 many glaciers started retreating again (Sigurðsson, 1998 (Sigurðsson, , 2006 Jóhannesson & Sigurðsson 1998) . The response of the Hofsjökull and southern Vatnajökull glaciers to climate change has been modelled by Aðalgeirsdóttir et al. (2006) ; projections of glacier retreat show a reduction in ice volume by 50% within 100-150 years and the modelled glaciers may almost disappear within the next 200 years.
The total runoff of Iceland has been evaluated twice before. Rist (1956) evaluated the runoff for the water years 1948-1955 by drawing contour lines of runoff based on average runoff from gauged watersheds and available discrete measurements of discharge. According to Rist (1956) the average runoff from all of Iceland, for these seven water years, was 5500 m 3 /s or 1690 mm/year. Tómasson (1981 Tómasson ( , 1982 evaluated the runoff and its areal distribution for Iceland for the years 1950 -1975 . Tómasson (1981 , 1982 based his evaluation on the earlier runoff map, additional discharge measurements and geological maps. He concluded that the average runoff of the water years 1950-1975 was 5150 m 3 /s or 1586 mm/year, average evaporation was estimated as 310-414 mm/year and subsurface groundwater flow to the ocean was estimated as 33-62 mm/year. Potential hydropower in Iceland was estimated from the runoff map and an elevation map to be 187 TWh/year.
At the Hydrological Service of the National Energy Authority in Iceland a new runoff map has been in preparation for a few years. This new runoff evaluation is based on a distributed hydrological model, WASIM (Jasper et al., 2002; Jasper & Kaufmann, 2003) from which time series and areal means can be extracted for several hydrological parameters, such as runoff, evaporation and snow distribution. This was a part of a Nordic research project, Climate and Energy (CE), which focused on a comprehensive assessment of the impact of climate change on Nordic renewable energy resources, including hydropower, wind power, biofuels and solar energy (Snorrason & Jónsdóttir, 2005) . A highlight of the hydrological work within CE was the preparation of comprehensive hydrological climate change maps of the Nordic region (Beldring et al., 2006) . The climate change evaluation presented here is the Icelandic contribution to that work.
Meteorological stations are few in Iceland and precipitation is presumed to be greatly underestimated, particularly during periods with high wind speed and particularly when precipitation falls as snow (Haraldsdóttir et al., 2001) . When the data from the meteorological stations are used for modelling runoff, the precipitation has to be corrected to account for losses due to wind. In this study, however, model generated precipitation and other meteorological variables have been used as input to the watershed model. This was done using the numerical weather model PSU/NCAR MM5 (Grell et al., 1994) .
The evaluation of projected runoff change between the periods 1961-1990 and 2071-2100 is based on climate change simulations from the HIRHAM regional climate model (RCM; Bjørge et al., 2000) using boundary conditions from the HadAM3H general circulation model (GCM; Gordon et al., 2000) . Assumptions about future greenhouse gas emissions were based on the Intergovernmental Panel on Climate Change (IPCC) Special Report on Emission Scenarios (SRES) A2 and B2 scenarios (Nakićenović et al., 2000) .
As glaciers cover a substantial part of Iceland, climate change will have a great influence on glaciers and glacier fed rivers. A projection of future glacier geometry for the year 2085 was produced within CE, using a dynamic glacial model for the three largest glaciers in Iceland: Vatnajökull, Langjökull and Hofsjökull Jóhannesson et al., 2006) . The future glacier projection was used in the simulation of future runoff.
DATA
The Hydrological Service of the National Energy Authority currently operates around 170 water level gauges around Iceland. At more than half of them discharge can be evaluated through a discharge rating curve. Time series of discharge from these discharge gauges, as well as discontinued series and discrete measurements of discharge, are gathered in a database at the Hydrological Service. The watershed areas of the discharge gauges now operational cover approximately half of Iceland. This database of discharge series was used for calibration of the hydrological model; 70 series were used for calibration of individual models for each watershed and 30 additional series were used for a crude comparison of measured and calculated water balance on the runoff map.
A 500-m digital elevation model (Icelandic Meteorological Office et al., 2004) , a soil map from the Agricultural University of Iceland and a digital vegetation map from the Icelandic Institute of Natural History were used in WASIM for describing the watersheds. The geographical data were all resampled to a 1 × 1 km spatial resolution.
The input data from the MM5 model used in the hydrological model were precipitation, temperature at 2 m above ground, wind speed at 10 m above ground and incoming shortwave radiation.
From the projections of climate change, monthly change values were determined for temperature and precipitation. For temperature, an average was estimated for the whole country, while, for precipitation, four different sets of values were estimated for four different parts of the country. Little difference was observed in monthly averages between the A2 and B2 emission scenarios; therefore, an average of the two projections was applied to the hydrological model and only one projection was produced. Table 1 shows the monthly change values. According to the climate projection, average increase in temperature from to 2071-2100 is 2.8°C, the change is highest in the spring and autumn, but lower during January-February and June-July. Average increase in precipitation for the whole country is 6% but the change varies from one part of the country to another and between seasons. The increase in precipitation is greatest in the autumn in all areas except the northeastern part of the country where the increase is highest in the winter. In some areas precipitation change is negative early in the year. 
METHODS
The WASIM hydrological model is a fully distributed catchment model using physically based algorithms and parameters for the description of hydrological processes (Jasper et al., 2002; Jasper & Kaufmann, 2003) . The model provides various methods for calculating the different waterbalance elements depending on what input data are available. For evapotranspiration, the use of a sophisticated approach, such as Penman-Monteith, was not possible due to a lack of appropriate variables from the MM5 model, which provided input to the WASIM model. Therefore, the simpler temperature-based Hamon approach (Federer & Lash, 1983 ) was used for calculating evapotranspiration. There, an empirical correction factor was adjusted so that the calculated evapotranspiration is comparable to the latent heat flux calculated by the MM5 model. A temperature-wind index method was used to account for higher melting when the wind speed is high. An extended melt approach (Hock, 1998 ) was used to calculate melt from glaciers, using information on radiation. The soil model used the Richards equation (Richards, 1931; Philip, 1969) to calculate fluxes within the unsaturated zone. A groundwater routine was not applied. In this study, 11 parameters describing the unsaturated zone, precipitation magnitude, and snow accumulation and melt were adjusted to fit each watershed studied. Six additional parameters were fitted for glacier covered areas. For the unsaturated zone, the following six parameters were fitted: storage coefficient of direct runoff k d , storage coefficient of interflow k i , drainage density d, recession constant for baseflow k b , saturated hydrological conductivities of the uppermost aquifer, and the fraction of surface runoff from snowmelt. A precipitation correction was used to account for groundwater discharge to and from the watersheds, i.e. to scale precipitation so that the modelled water balance would fit with the measured water balance. The same parameter was used for rain and snow. The four snow model parameters that were adjusted were: temperature limit for rain T R/S , temperature limit for snow melt T 0 , (degree-day-factor without wind consideration c 1 , and degree-day-factor with wind consideration c 2 . The six additional parameters that describe melt on glaciers are: a melt factor MF with identical values for snow, firn and ice, empirical coefficients for snow and firn (identical) α snow , and for ice α ice , and specific storage coefficients for ice, snow and firn, i.e. k firn , k snow and k ice .
The Institute of Meteorological Research has used the numerical weather model MM5 (Grell et al., 1994) to simulate precipitation, as well as other meteorological parameters, on an 8 × 8 km grid covering the whole country (Rögnvaldsson et al., 2004) . The model uses as initial and boundary data, the European Centre for Medium-Range Weather Forecasts (ECMWF) ERA40 reanalysis (Kållberg et al., 2004) and calculates the weather in Iceland on a six-hourly time step (Rögnvaldsson et al., 2007) . The precipitation from MM5 in Iceland has been compared to hydrological and glaciological data in Iceland; the WASIM model was set up for a few watersheds in Iceland using the MM5 data as an input to the watershed model (Rögnvaldsson et al., 2007) . This study showed that MM5 data represent observed data over Iceland well. The watershed model WASIM was, therefore, run with meteorological input data from the MM5 model. Studies focusing on one-way coupling between atmospheric models and the WASIM watershed model in alpine landscapes have been reported earlier by Jasper et al. (2002) , Jasper & Kaufmann (2003) and by Kunstmann & Stadler (2005) as discussed by Rögnvaldsson et al. (2007) .
A one-way coupling between the MM5 and WASIM model was applied by using the output data from the MM5 data directly into the WASIM model. The MM5 output data were on an 8 × 8 km horizontal grid while the grid of the watershed model was set to a 1 × 1 km resolution in order to catch more of the characteristics of the landscape. Each grid point in the MM5 model was treated as a meteorological station, and data for each grid cell in WASIM were evaluated by inverse distance weighting between the grid points of the MM5 model. The MM5 model data are available for every six hours while the watershed model was run at a daily time step because of the time resolution of observed data. The MM5 model data were therefore resampled to a daily time step.
The WASIM model was calibrated for 70 watersheds, covering one third of the country. The calibration period for long series was the period 1971-1990. For shorter series, the calibration period varied depending on availability of measured data, ranging from 5 to 20 years. The calibration process involved evaluation of a parameter set for each watershed, with the aim of catching the general characteristics of each basin and to fit the long-term water balance. The NashSutcliffe coefficient R 2 (Nash & Sutcliffe, 1970) and R 2 log were used to measure how well the simulated runoff fits the observed. Both coefficients R 2 and R 2 log range from 1 to -∞, where 1 corresponds to a perfect fit. The coefficient R 2 emphasizes the fit of high flows and floods, while R 2 log puts greater weight on how well low flows are simulated. Table 2 shows the R 2 and R 2 log coefficients as well as the fit of the water balance for periods with available data.
Glaciers in Iceland are estimated to have gained 100-300 mm/year during the period 1961-1990, based on glacier advances and retreat through time and measured ablation and accumulation on the largest Icelandic glaciers during recent decades (Jóhannesson & Sigurðsson, 1998; Sigurðsson 2006) . Thorsteinsson et al. (2006) calibrated a glacial mass balance model with mass balance data on the Hofsjökull ice cap, the third largest glacier in Iceland, using meteorological data from a weather station nearby, Hveravellir. For calibration of the WASIM model for glacier covered areas, parameters estimated by Thorsteinsson et al. (2006) were considered and adjusted to fit runoff data as well as the information about the average increase of glaciers during the period.
The classification of Iceland on a catchment basis by Halldórsdóttir et al. (2006) was used to transfer model parameters to ungauged watersheds. The geographical extent of the calibrated watersheds was compared to the classes defined by the classification, and the parameters that had been evaluated for each watershed were transferred to the class that the watershed covered. If more than one gauged watershed overlay one continuous class, all parameter sets were evaluated and the Table 2 The fit of water balance, R 2 and R 2 log at the watershed gauges used for calibration of the WASIM watershed model. Q meas is the measured discharge during years which measured data exist for the whole year within the period specified. Q calc is the calculated discharge during the same period. "Difference" is the difference in percentages between the measure and calculated discharge. R 2 and R 2 log are the Nash-Sutcliffe coefficients of fit for each gauge and period specified. one chosen was the one that either gives the best fit to the measured discharge and/or compares to parameter sets of the same class elsewhere. Parameters for disconnected classes were evaluated individually. The WASIM model was run for all of Iceland based on the aforementioned division into classes, for the period from 1 September 1961 to 31 August 1991. A precipitation correction factor was also fitted to account for groundwater flow to and from 100 watersheds, by comparing calculated water balance with measured water balance. Also, parameters for glacier melt were harmonized for each glacier. Then, the same model was run for the whole country for the period 1961-1990 and used to evaluate a runoff scenario for 2071-2100. Monthly change values were used to transfer the climate change signal to the runoff change scenario. Tómasson (1981) earlier divided the country into 916 square grid cells and estimated potential power in runoff, as the gravitational potential power, according to equation (1), where P [W] is the power, g (m/s 2 ) is the acceleration due to gravity at the Earth's surface, q (kg s -1 km -2 ) is the mean specific runoff, A (km 2 ) is the area of the square, and H (m) is height above sea level:
The estimated power in runoff, for the whole country, is the sum of the power in each cell. The same method was used here to evaluate the gravitational potential power in runoff for all of Iceland.
RESULTS
Since a groundwater module was not used in this study to simulate groundwater flow and interaction with surface water, precipitation from the MM5 was scaled to make the calculated water balance of 100 watersheds agree with measured water balance. According to the original MM5 data for , mean precipitation in Iceland was 1790 mm/year, while after scaling the precipitation became 1750 mm/year. The difference can, at least partially, be explained by the fact that in some areas precipitation falls on porous postglacial lava and flows through the groundwater aquifers to the ocean without coming to the surface as runoff. An earlier estimate by Tómasson (1982) was that this direct groundwater flow to the ocean was of the order of 33-62 mm/year. No measurements of actual evapotranspiration exist in Iceland. Rist (1956 ) estimated evapotranspiration as 100-200 mm/year; Tómasson (1982) estimated average evaporation as 310-414 mm/year based on calculations of potential evapotranspiration by Einarsson (1972) . According to the present study, the average evapotranspiration of Iceland is 280 mm/year. Calculated annual mean discharge for all of Iceland is shown in Fig. 2 for the water years 1961-1990 (defined as 1 September to 31 August). Average discharge for the water years 1961-1990 is 4770 m 3 /s or 1460 mm/year. Figure 3 shows the geographical distribution of runoff for the water years 1961-1990 and Fig. 4 shows the seasonal runoff.
According to the runoff projection, the average runoff will be 1800 mm/year during the years 2071-2100, i.e. almost 25% higher than during the years . Glacier-covered areas are reduced by 20%. Discharge from non-glaciated areas increases by 8%, partially because nonglaciated areas have increased, while glacier discharge increases by 90%. The change in seasonality of discharge is shown in Fig. 5 which is divided into three parts: Fig. 5(a) shows the discharge change for the whole country, Fig. 5(b) shows the discharge from non-glaciated areas, where discharge increases in all months except May-August, because of higher temperature during winter and therefore less snow accumulation. There will therefore be less snow melt during MayAugust than now. Figure 5 (c) shows discharge from glaciers. Even though glacier covered areas have reduced in area by 2400 km 2 , the discharge from glaciers is projected to be substantially higher during the years 2071-2100 than during the years . The melting of glaciers, and therefore temporarily increased meltwater, is clearly the most pronounced change in this projection of future runoff. Calculated gravitational potential power of runoff is 220 TWh/year for the whole country for the years 1961-1990 but 320 TWh/year for the years 2071-2100.
SUMMARY AND DISCUSSION
The WASIM model has been run using calculated meteorological data from the MM5 model, to evaluate the runoff of Iceland, with convincing results for the time period . This model was, therefore, used to evaluate the hydrological effects of climate change according to future climate projections. This included changes in runoff and other hydrological variables between the periods 1961-1990 and 2071-2100, based on climate change simulations from the HIRHAM RCM (Bjørge et al., 2000) with boundary conditions from the HadAM3H GCM (Gordon et al., 2000) using the A2 and B2 SRES emission scenarios (Nakićenović et al., 2000) .
According to the hydrological simulations, the average runoff in Iceland was 1460 mm/year during the water years , which can be compared to earlier estimates of runoff of 1586 mm/year during the years 1950 -1975 (Tómasson, 1981 , 1982 and 1690 mm/year during the years 1948 -1955 (Rist, 1956 ). According to this new runoff map the potential power is 220 TWh/year for the years 1961-1990, compared to 187 TWh/year estimated by Tómasson (1981 Tómasson ( ) for 1950 Tómasson ( -1975 . The reason for a higher estimate in the present study is that here the gravitational potential power in runoff from glaciers is calculated from the point of melting on the glaciers, while Tómasson (1981) calculated the gravitational potential power of glacial meltwater at the edge of the glaciers.
In the runoff map calculations the fit between measured and calculated discharge could perhaps be improved for many watersheds. The use of a more advanced elevation-dependent interpolation method for the meteorological variables might improve the model when looking at runoff on a small geographic scale. The current set-up of the model, with no groundwater module, does not allow for a correct representation of the hydrological processes in areas with high permeability, particularly postglacial lava fields. Application of more advanced evaporation schemes, according to the Penman-Monteith approach, could give a better evaluation of evapotranspiration, but as mentioned above, the use of Penman-Monteith proved difficult in this study. Furthermore, the use of WASIM does not solve the heat flux balance in the soil or subsurface, so that discharge during winter when soil is frozen might be simulated better if a different hydrological model had been used. However, despite the limitations of this study, the comparison of the measured and calculated discharge gives acceptable results.
Future work will involve groundwater modelling so that interactions between surface runoff and groundwater can be better represented in the model. A weakness of this study is that groundwater interactions are represented by a scaling of precipitation. This is particularly important in the volcanically active zone, from southwestern Iceland through central Iceland to northeastern Iceland, where precipitation infiltrates rapidly through postglacial lava. Also discrete measurements of runoff and additional short series of discharge will be used to improve model calibrations. Moreover, future work will involve additional climate change projections for evaluating how runoff and hydropower potential may change.
CONCLUSIONS
Comparison between runoff for the period and for the projected future period 2071-2100 shows that runoff may increase. The largest contribution to increased runoff, by far, would be increased glacial meltwater caused by higher temperature. The increase due to the melting of the glaciers is, however, temporary since projections of glacier retreat show that Icelandic glaciers may disappear within the next 200 years . The climate change simulation shows mean increases of 2.8°C in temperature and 6% in precipitation by 2071-2100. This would cause a 25% increase in runoff and 45% increase in gravitational potential power. These projections indicate that there could be great changes in hydropower production potential associated with climate change.
